Long-term exposure to hypertonic and high glucose in peritoneal dialysis fluid can result in peritoneal fibrosis. Spleen tyrosine kinase (SYK) has a role in inflammation and fibrosis. This study aimed to investigate the role of SYK in an in vivo rat model of peritoneal fibrosis and in rat peritoneal mesothelial cells (PMCs) in vitro and to investigate the underlying mechanisms.
Background
Peritoneal dialysis is widely used for the treatment of diseases that include chronic kidney failure [1] and peritonitis [2] . Peritoneal dialysis uses peritoneum as a semi-permeable membrane and can remove metabolites, toxic substances, and correct water and electrolyte imbalance [3, 4] . However, the development of peritoneal fibrosis is currently a major challenge for long-term peritoneal dialysis [3, 5] . Peritoneal fibrosis can result in loss of the mesothelial cell layer of the peritoneum, thickening of the sub-mesothelial layer, and vascular angiogenesis [6] . Previously published studies have shown that several factors, including hypoxia, disorders of the endocrine system, and the release of inflammatory mediators were associated with the development of peritoneal fibrosis [7] . However, the molecular mechanisms underlying the pathogenesis of peritoneal fibrosis remain unclear.
Spleen tyrosine kinase (SYK), a cytosolic non-receptor tyrosine kinase, is widely expressed in red blood cells, platelets, vascular endothelial cells, fibroblasts, bronchial epithelial cells, hepatocytes, and osteoclasts [7, 8] . SYK is involved in intracellular signaling and transmission of activation signals of membrane receptors to downstream effector molecules [9, 10] . The immune and inflammatory responses associated with SYK expression are involved in the pathogenesis of allergic diseases, some types of cancer, and infectious diseases [11] . The findings from a recently published study identified SYK is a potential therapeutic target to control liver fibrosis [12] . However, the role of SYK and the underlying molecular mechanisms in the pathogenesis of peritoneal fibrosis remain unclear.
Previously published studies have shown that cytokines are involved in the development of peritoneal fibrosis, including tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), IL-1b, and monocyte chemoattractant protein-1 (MCP-1) [13] [14] [15] . The transforming growth factor-b (TGF-b) signaling pathway includes a large family of multifunctional cytokines that regulate cell growth, proliferation, differentiation, migration, and cell apoptosis [16] . The TGF-b/Smad3 signaling pathway is an important pathway that has a role in the development of liver fibrosis [17] . SYK has been shown to coordinate with TGF-b in erythropoiesis [18] . However, whether SYK can modulate TGF-b/Smad3 signaling in peritoneal fibrosis remains to be investigated.
Therefore, this study aimed to investigate the role of SYK in an in vivo rat model of peritoneal fibrosis and rat peritoneal mesothelial cells (PMCs) in vitro and to investigate the underlying mechanisms.
Material and Methods

Animals and treatment
Adult male Sprague-Dawley (SD) rats (N=24) between 8-10 weeks old, weighing 205-300 g were purchased from Hunan SJA Laboratory Animal Co. Ltd. (Hunan, China). The rats were maintained in with a 12-hourly light and dark cycle and a controlled temperature (23-25°C), and had free access to food and water. This study was approved by the Institutional Animal Care Committee at The First Affiliated Hospital of Hunan Normal University. After four days of regular feeding, the rats were randomized into four groups: the sham control group (N=6); the peritoneal fibrosis group treated with intraperitoneal chlorhexidine digluconate (N=6); the SYK inhibitor group treated with chlorhexidine digluconate and fostamatinib (N=6); and the TGF-b inhibitor group treated with chlorhexidine digluconate and LY2109761 (N=6). Rats in the model of peritoneal fibrosis underwent intraperitoneal injection with 0.5 ml 0.1% chlorhexidine digluconate (Sigma-Aldrich, St. Louis, MO, USA) daily for three weeks. Control rats were injected with an equal volume of 0.9% saline daily for three weeks. The SYK inhibitor, fostamatinib (40 mg/kg), was given by gavage twice daily at the same time when the rats were treated with chlorhexidine digluconate. The TGF-b inhibitor, LY2109761 (50 mg/kg), was given by gavage twice daily at the same time when the rats were treated with chlorhexidine digluconate. All rats were euthanized after 21 days of treatment, at which time, peritoneal tissues sampled from all rats.
Histology and immunohistochemistry
Rat peritoneal tissue was fixed in 10% formalin, embedded in paraffin wax, sectioned onto glass slides and stained histochemically with hematoxylin and eosin (H&E) and Masson's trichrome for collagen. Tissue sections were viewed and analyzed by light microscopy.
Immunohistochemistry was performed on the tissue section of rat peritoneal tissue by incubating the dewaxed tissue sections overnight at 4°C in the primary antibody to SYK (Abcam, Cambridge, MA, USA). After washing, the tissue sections were incubated in the secondary antibody at 37°C for 45 min. The intensity of immunostaining (IHC score) was calculated visually as the sum of the staining intensity and area of tissue staining, as follows: 0 (no staining), 1 (weak staining), 2 (moderate staining), and 3 (strong staining); 0 (none), 1 (<1/100), 2 (1/100 to 1/10), 3 (1/10 to 1/3), 4 (1/3 to 2/3), and 5 (>2/3) [12] .
Cell culture and cell transfection
Rat peritoneal mesothelial cells (PMCs) were isolated using standard trypsin/EDTA method, as previously described [19] . The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 100 μg/mL penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C with 5% CO 2 . The cells were divided into two groups, the high glucose (HG) group, in which cells were treated with 126 mmol/L glucose and were cultured in 10% FBS-DMEM medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for 3 days, and the control group, in which cells were treated with a normal concentration of glucose (5.6 mmol/L) in 10% FBS-DMEM medium for 3 days.
Cells were transfected with short hairpin RNA (shRNA) for SYK (sh-SYK) or included a negative control (NC) (5 nM) (Shanghai GeneChem Co. Ltd., Shanghai, China), and with pcDNA3.1-SYK or blank vector (5 nM) (Shanghai GeneChem Co. Ltd., Shanghai, China) using Lipofectamine 2000 (GenePharma Co., Shanghai, China), according to the manufacturer's instructions. After 48 h of transfection, the transfected cells were harvested and analyzed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The TGF-b inhibitor, LY2109761 (0.5 mg/mL), was used to suppress TGF-b signaling [20, 21] . The SYK inhibitor, fostamatinib (5 μmol/L) was used to inhibit SYK [22] .
Enzyme-linked immunosorbent assay (ELISA)
ELISA was used to measure inflammatory cytokines in serum or cell supernatants. After the rats were euthanized, blood samples (2 ml) were collected in tubes without EDTA to obtain the serum. The supernatant was obtained after centrifugation at 1800 x g for 10 min at room temperature. Serum levels of TNF-a, IL-6, IL-1b, and MCP-1 were measured using commercial ELISA kits, including a rat TNF-a ELISA Kit (ab46070) (Abcam, Cambridge, MA, USA), a rat IL-6 ELISA Kit (ab234570) (Abcam, Cambridge, MA, USA), a rat IL-1b ELISA Kit (ab100767) (Abcam, Cambridge, MA, USA), and a rat MCP-1 ELISA Kit (ab219045) (Abcam, Cambridge, MA, USA), according to manufacturer's instruction.
RNA extraction and quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Tiangen Biotech, Beijing, China). The PrimeScript™ One Step qRT-PCR kit (Takara, Dalian, China) was used to convert RNA to cDNA. The PCR reactions were performed using an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The primer sequences were as follows: Relative expression levels were calculated by the 2 -DDCt method. GAPDH was used as an internal control.
Western blot
Cell lysates were extracted using RIPA buffer (CW Biotech Co. Ltd., Beijing, China). The BCA protein assay kit (CW Biotech Co. Ltd., Beijing, China) was performed to measure the protein concentration. Equal amounts of proteins were loaded on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, transferred to polyvinylidene fluoride (PVDF) membranes and incubated with primary antibodies, including anti-SYK antibody (ab40781) (Abcam, Cambridge, MA, USA), anti-collagen I antibody (ab34710) (Abcam, Cambridge, MA, USA), anti-vimentin antibody (ab8978) (Abcam, Cambridge, MA, USA), anti-VEGF-A antibody (ab46154) (Abcam, Cambridge, MA, USA), anti-E-cadherin antibody (ab1416) (Abcam, Cambridge, MA, USA), anti-a-SMA antibody, (ab32575) (Abcam, Cambridge, MA, USA), anti-TGF-b1 antibody (ab64715) (Abcam, Cambridge, MA, USA), anti-p-Smad3 antibody (ab52903) (Abcam, Cambridge, MA, USA), and anti-Smad3 antibody (ab40854) (Abcam, Cambridge, MA, USA). The membranes were then incubated in the secondary horseradish peroxidase (HRP)-conjugated anti-rabbit antibody (1/1000) (ab6721) (Abcam, Cambridge, MA, USA) or anti-mouse immunoglobulin G secondary antibody (1/1000) (ab6785) (Abcam, Cambridge, MA, USA). The results were analyzed using the enhanced chemiluminescence (ECL) Western blot substrate (Pierce Biotechnology, Shanghai, China). GAPDH was used as an internal control.
Statistical analysis
Data were expressed as the mean±standard deviation (SD). Comparison between two groups was performed using Student's t-test, and comparison between three or more groups using one-way analysis of variance (ANOVA) followed by Tukey's test. Pearson's correlation analysis was used. A P-value of <0.05 was considered to be statistically significant. Statistical analysis was performed using SPSS version 22.0 software (IBM, Chicago, IL, USA).
Results
Upregulation of SYK expression in peritoneal fibrosis
The rat model of peritoneal fibrosis was established to investigate the role of SYK in peritoneal fibrosis. Histology of the peritoneal tissue in the rat model group treated with intraperitoneal chlorhexidine digluconate showed significant hyperplasia and fibrosis compared with the sham control group ( Figure 1A) . Also, immunohistochemistry and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) showed that the expression of SYK was significantly upregulated in the peritoneal tissues in the rat model group compared with the sham control group ( Figure 1B) . In the rat model group treated with intraperitoneal chlorhexidine digluconate, the expression of inflammatory cytokines interleukin-1b (IL-1b), TNF-a, IL-6, and MCP-1 were significantly increased compared with the sham control group ( Figure 1C ). The expression of SYK was significantly correlated with the expression of IL-1b, TNF-a, IL-6, and MCP-1 ( Figure 1D ). These data indicated both SYK and inflammatory cytokines were upregulated in the rat model of peritoneal fibrosis treated with intraperitoneal chlorhexidine digluconate.
High glucose induced peritoneal mesothelial cell fibrosis and inflammation
Rat peritoneal mesothelial cells (PMCs) were stimulated by high glucose for the in vitro model of peritoneal fibrosis. The morphology of the peritoneal mesothelial cells in the high glucose group showed a fibroblast-like spindle cell morphology when compared with the untreated control group (Figure 2A) . Also, mRNA and protein levels of SYK were significantly increased in the high glucose group (Figure 2B, 2C ). In the high glucose group, the levels of vascular endothelial growth factor (VEGF) and the inflammatory cytokines IL-1b, TNF-a, IL-6, and MCP-1 were significantly higher than the control group ( Figure 2D ). The expression of biomarkers of fibrosis, including a-SMA, collagen I, vimentin and VEGF-A were also significantly upregulated, while the expression of E-cadherin was significantly inhibited in the high glucose group (Figure 2E ), indicating the transformation of PMCs. These findings supported that high expression of SYK was increased in the in vitro model of peritoneal fibrosis.
Knockdown of SYK reduced the expression of mediators of fibrosis and inflammation in PMCs in the high glucose group
Short hairpin RNA (shRNA) that specifically targeted SYK and the use of its inhibitor, fostamatinib, were used to knock down SYK expression. As shown in Figure 3A and 3B, mRNA expression and protein expression levels of SYK were significantly down-regulated after transfection with sh-SYK or treatment with fostamatinib, supporting the successful knockdown of SYK ( Figure 3C ). When SYK expression was inhibited, fibril formation of rat PMCs was significantly reduced, and the cell morphology appeared to be normal in the SYK knockdown cells ( Figure 3D ). The expression of inflammatory and fibrosisassociated proteins was significantly inhibited in cells transfected with sh-SYK or treated with fostamatinib ( Figure 3E, 3F ). These findings supported that SYK was involved in fibrosis and inflammation associated with high glucose levels in rat PMCs.
SYK mediated peritoneal fibrosis by activating TGF-b1/Smad3 signaling in rat PMCs in vitro
To clarify the underlying mechanisms for SYK in the pathogenesis of peritoneal fibrosis, we further investigated the relationship between SYK and the TGF-b1/Smad3 signaling pathway in rat PMCs cultured in high levels of glucose. As shown in Figure 4A , the activation of the TGF-b1/Smad3 signaling pathway was observed in rat peritoneal tissues of chlorhexidine digluconate-induced model of peritoneal fibrosis. SYK and TGF-b1 levels in all rat peritoneal tissues were increased ( Figure 4B ). Also, in rat PMCs cultured in high levels of glucose, both TGF-b1 and p-Smad3 was significantly increased ( Figure 4C ). However, when SYK was inhibited, the expression of TGF-b1 and p-Smad3 were down-regulated ( Figure 4D ). Overexpression of SYK significantly increased the expression of SYK, TGF-b1, and p-Smad3, as well as fibrosis-related proteins collagen I, vimentin, VEGF-A, E-cadherin, and a-SMA ( Figure 4E-4G) . However, inhibition of TGF-b1 by LY2109761 reversed the effects of SYK overexpression. These findings supported that SYK might modulate the pathogenesis of peritoneal fibrosis through regulation of TGF-b1/Smad3 signaling pathway.
SYK mediated peritoneal fibrosis by regulating TGF-b1/Smad3 signaling in the rat model in vivo
The findings from the in vivo rat model supported that the role of SYK regulated by TGF-b1/Smad3 signaling. In the chlorhexidine digluconate-induced rat model, when SYK was inhibited by fostamatinib, or TGF-b1 was suppressed by LY2109761, Masson's trichrome staining showed reduced collagen production in the rat peritoneal tissue ( Figure 5A ). SYK mRNA expression was also significantly reduced ( Figure 5B, 5C ). Downregulation of SYK was associated with significantly reduced levels of inflammatory mediators ( Figure 5D ). Western blot showed the inhibition of TGF-b1 or SYK significantly reduced the expression of TGF-b1 and p-Smad3 in the chlorhexidine digluconate-induced rat model ( Figure 5E ). These results supported that SYK could regulate the development of peritoneal fibrosis by TGF-b1/Smad3 signaling in vivo in the rat model of peritoneal fibrosis.
Discussion
Despite the widespread use of peritoneal dialysis, patients may experience complications that include changes in the peritoneum, loss of peritoneal mesothelial cells, and epithelial-mesenchymal transition (EMT), which may impair peritoneal ultrafiltration and results in peritoneal inflammation and fibrosis [6] . SYK is a non-receptor tyrosine kinase (NRTK) that transmits the activation signal of membrane receptors to downstream effector molecules. There have been few previous studies on the effects of SYK in the development of peritoneal fibrosis. The findings from this study showed that SYK expression was increased in peritoneal fibrosis, and inhibition of SYK reduced the severity of fibrosis and inflammation through regulating TGF-b/Smad3 signaling in both in vivo and in vitro models.
SYK plays an important role in the immune and inflammatory responses and is involved in neoplasia, including in human hepatocellular carcinoma [11, 23, 24] . The role of SYK in fibrosis has previously been reported. Chen et al. showed that inhibition of SYK suppressed renal fibrosis through its anti-inflammatory effects and by down-regulation of the MAPK-p38 pathway [25] . Qu et al. showed that SYK was upregulated in liver fibrosis and suggested its role as a potential therapeutic target in the control of fibrosis [12] . In the present study, SYK was found to be upregulated in peritoneal fibrosis, and the inhibition of SYK could suppress fibrosis in rat peritoneal tissues.
Previously published studies have shown that TGF-b and its downstream regulatory signals are associated with myocardial fibrosis and other fibrotic diseases [26, 27] . Akhmetshina et al.
showed that TGF-b could mediate fibrosis through activation of Wnt signaling [28] . In a recent study, inhibition of TGF-b1 signaling was shown to result in suppression of lung fibrosis [29] . TGF-b1 has also been reported to induce peritoneal fibrosis through the activation of the Smad signaling pathway [30] . The findings from this study showed that TGF-b/Smad3 signaling was activated in the rat models of peritoneal fibrosis, and the inhibition of TGF-b significantly suppressed fibrosis of the peritoneal tissues and cells.
Previously published studies have shown that TGF-b signaling is closely associated with the activity of SYK, and the kinase activity of SYK is essential for the activation of some signaling receptor downstream effector molecules [25] . Upregulation and phosphorylation of SYK are important pathways for activation of the TGF-b1 signaling pathway [31] . The SYK inhibitor R406 has been shown to down-regulate inflammation through regulation of TGF-b1 signaling in an in vitro model of Pseudomonas aeruginosa infection [32] . Bin et al. also showed that the inhibition of SYK resulted in suppression of TGF-b1 signaling and resulted in the inhibition of epithelial-mesenchymal transition (EMT) in corneal epithelial cells [33] . Inhibition of TGF-b1 by LY2109761 has previously been shown to suppress the expression of SYK, indicating that the interaction between SYK and TGF-b1 was bidirectional [33] . In the present study, the activation of SYK was shown to increase the progression of peritoneal fibrosis through activation of the TGF-b1/Smad3 signaling pathway, and inhibition of TGF-b1 also resulted in down-regulation of SYK. These findings are supported by previous studies. However, further in vivo studies are needed to provide insights into the relationship between SYK and TGF-b1 signaling.
Conclusions
This study aimed to investigate the role of SYK in an in vivo rat model of peritoneal fibrosis and in rat peritoneal mesothelial cells (PMCs) in vitro and to investigate the underlying mechanisms. The findings showed that the expression of SYK increased peritoneal fibrosis through activation of the TGF-b1/Smad3 signaling pathway and inhibition of SYK activity reduced inflammation and peritoneal fibrosis. The findings from this preliminary study should be supported by further studies to determine whether SYK and the TGF-b1/Smad3 signaling pathway have potential roles as novel therapeutic targets to control peritoneal fibrosis.
